B iologically available nitrogen (or "fixed N") is needed by all organisms and commonly limits biological productivity. Accordingly, the cycling of fixed N is tightly linked to that of carbon and oxygen (O 2 ) in the ocean. Dinitrogen (N 2 ) fixation by cyanobacteria in surface waters is the ocean's main source of fixed N (1). The dominant sink is denitrification, the biological reduction of nitrate (NO 3 − ) to N 2 during the oxidation of organic matter at low O 2 availability (1). Denitrification occurs in (i) marine sediments, where rates are largely determined by organic matter flux, and (ii) O 2 -depleted (suboxic or anoxic) zones of the thermocline and intermediate-depth water column, which occur today in the eastern tropical Pacific and the Arabian Sea (1) .
Given that water column denitrification requires suboxia, the marine N cycle may have responded to changes in ocean O 2 content in the geological past (2, 3) . Over the Cenozoic era [66 million years (Ma) ago to the present], deep ocean temperatures declined by 8°to 10°C (4), which would have increased the solubility of O 2 in seawater by roughly 20% (5) . Here, we report records of the d Ocean nitrate records the combined N isotopic signals of the inputs (mainly N 2 fixation) and outputs (mainly denitrification) of fixed N to and from the ocean (7) . N 2 fixation produces oceanic fixed N with a d 15 N of approximately −1 per mil (‰) (8, 9) . Sedimentary denitrification typically removes nitrate from the ocean with minimal isotopic discrimination owing to complete nitrate consumption in the sediment porewaters (10) . In contrast, water column denitrification expresses a strong preference for 14 N-bearing nitrate (with an isotopic discrimination of~15 to 25‰), causing the residual nitrate to be enriched in 15 N in the shallow subsurface water column within and near the suboxic zones (11) . Water column denitrification is largely responsible for the elevation of global mean ocean nitrate d 15 N relative to newly fixed N (5 and −1‰, respectively) (12) .
The production of N-containing biomass in the surface ocean is fueled by nitrate supplied from the shallow subsurface (~100 to 300 m depth), and this nitrate reflects both the d 15 N of mean ocean nitrate and any regional isotopic imprint of N 2 fixation and/or water column denitrification. In regions of complete nitrate consumption, both bulk sedimentary N and foraminifera-bound N have been shown to reflect variations in the d
15
N of the shallow subsurface nitrate (13) (14) (15) . Most existing N isotope records are of bulk sediment (2, 3, 16) . In contrast to bulk sedimentary organic matter, foraminifera-bound organic matter is isolated within, and thus protected by, the mineral matrix of the foraminifera shell wall, making it less vulnerable to isotopic alteration during burial or to contamination by exogenous N sources (14, 17, 18 (Fig. 1 (22) . These findings imply that the Pacific hosted water column denitrification during the Paleocene, as it does today, but at greater rates.
Elevated water column denitrification points to more extensive suboxia in the Paleocene ocean. This is consistent with planktonic foraminiferal I/Ca data from just before the PaleoceneEocene thermal maximum (27) . Two mechanisms could increase suboxia: (i) higher export production or (ii) lower starting (preformed) dissolved O 2 concentrations. We are unaware of any evidence for, or reason to expect, higher export production in the Paleocene (28 During the Cenozoic, India and Africa converged on Eurasia, closing the Tethys Sea, with the first manifestations of the collision at 59 Ma ago, coincident with the start of the d 15 N decline (30, 31) . The Tethys was surrounded by extensive shallow seas, located at subtropical latitudes where seawater evaporation exceeds precipitation (30) . We propose that formation of warm, salty subsurface waters in these shallow seas introduced water with low preformed O 2 into the thermocline and/or intermediate-depth waters of the global ocean, expanding suboxia and thus water column denitrification (Fig. 3) . This hypothesis is inspired by previous suggestions of warm and salty deep water formation in warmer climates (32, 33) but involves thermocline and intermediate depths only and thus does not contradict observational and modeling evidence for high-latitude deep water formation during this time (29, (34) (35) (36) (Fig. 3) , reducing water column denitrification and lowering nitrate d S rise has also been interpreted as the consequence of the India-Asia collision and a resulting decline in the extent of shallow continental shelves (39) .
Our hypothesis makes the prediction that the temperature difference between the thermocline and deep ocean should have declined from the Paleocene to early Eocene, because of a change in the source of thermocline water from the warm, salty Tethys to the colder high-latitude surface ocean. As a step toward constraining thermocline and intermediate-depth water temperature, we used the TEX 86 proxy to reconstruct sea surface temperature (SST) at Site 1209 (40) (29, 41) , whereas the TEX 86 data from Site 1209 indicate that SST decreased continuously from~62 to 30 Ma ago (Fig. 2) . The resulting convergence of deep and surface temperature from 57 to 50 Ma ago is consistent with a change in the source of Pacific thermocline and intermediate-depth waters from a warmer, lowerpreformed-O 2 source to a colder, higher-preformed-O 2 source over the time that FB-d 15 N declined (Fig. 2 and fig. S6 ). Measurements of planktonic foraminifera d
18
O from Site 1209 (41) corroborate this interpretation (Fig. 2) , with additional evidence from different taxa of planktonic foraminifera that the convergence toward deep ocean temperature was greater at thermocline depths than at the surface ( fig. S6) .
During the middle Eocene, FB-d 15 N at all sites was lower than core-top FB-d 15 N (Fig. 1) , suggesting that Eocene mean ocean nitrate d 15 N was lower than modern. One possible explanation is that sedimentary denitrification fluxes were higher than modern due to a greater area of submerged continental shelves before the growth of the Antarctic ice sheet at the EoceneOligocene transition (Fig. 3) (30) . Because these shelves would have also been present before 50 Ma ago, the high ocean nitrate d 15 N in the Paleocene was achieved despite such higher rates of sedimentary denitrification. This implies an even greater global rate of water column denitrification during the Paleocene.
Around the Eocene-Oligocene transition (33.9 Ma ago), FB-d 15 N increases by 4 to 5‰ in both the Atlantic and Pacific (Sites 1209 and 1263) (Fig. 1) . This suggests an increase in mean ocean nitrate d
15
N without a strengthening of the regional nitrate d 15 N gradients, pointing to a change in sedimentary rather than water column denitrification. The Eocene-Oligocene transition is marked by the expansion of Antarctic ice sheets, lower global sea level, and a reduction in the area of submerged continental shelves (30, 42) . We propose that the Eocene-Oligocene increase in FB-d 15 N occurred because of a decline in shelf-hosted sedimentary denitrification due to this ice sheet growth (Fig. 3) .
The FB-d 15 N records presented above suggest large changes in the fluxes of water column and sedimentary denitrification. Here, we use a simple steady-state isotope mass balance calculation to provide first-order estimates of the potential scale of the proposed changes in the inputs and outputs of marine fixed N (Fig. 3) (6) . We derive the mean ocean nitrate d
N from the average of the Atlantic records and assume that Oligocene N fluxes were similar to modern (6, 43) . This calculation suggests that the global rate of sedimentary denitrification was almost two times higher in the Eocene and Paleocene than in the Oligocene (250 versus 130 Tg N/year) and that the rate of water column denitrification was 3.5 times higher in the Paleocene than in the Oligocene and Eocene (210 versus 60 Tg N/ year) ( Fig. 3 and table S2 ). We estimate that the net global marine denitrification rate during the Paleocene was more than twice the modern 3 of 4 rate (460 versus 190 Tg N/year). Increased denitrification requires a compensatory increase in N 2 fixation during the Paleocene to prevent the ocean from losing its fixed N in a matter of millennia. It is not clear whether this balance was struck at a N reservoir size similar to that of the modern ocean. Today, N 2 fixation is typically less important than subsurface nitrate in the annual supply of fixed N to surface waters (9) ; in the Paleocene, the higher rate of N 2 fixation would have made these two supply terms more comparable (Fig. 3) . Our study of early Cenozoic FB-d 15 N indicates that tectonics, through its effect on ocean circulation, can substantially alter global biogeochemistry. In past extinction events (44) and under future global warming (45) , declining ocean oxygen has been implicated as a driver of biotic and geochemical change. Ocean circulation influences the oxygen content of thermocline and intermediate-depth water, in part by dictating the water's source region and thus its temperature and starting oxygen concentration. Over the early Cenozoic, it appears that ocean circulation was more important than global average temperature in modulating oxygen depletion and denitrification in the ocean interior.
